Abstract: Paper-based relics, which are an important part of cultural heritage worldwide, are at risk of imminent damage from various environmental sources. To protect them, the atmospheric pressure plasma polymerization of hexamethyldisiloxane (HMDSO) precursor has been explored on paper-based relics in situ. The macro and micro images taken during this process suggest that the in situ plasma treatment does not change the macro morphology and the micro structure of the treated paper-based relic samples. On the other hand, plasma treatment causes the polymerization of the HMDSO which then produces nanoparticles deposited onto the paper-based relics. These nanoparticles provide good waterproof properties with large static water contact angles and smaller rolling angles, which protect the paper-based relics from water penetration. Moreover, since the nanoparticles are deposited onto the fibers, waterproof fastness is ensured. Also, the examined mechanical properties of the treated and untreated paper-based relics indicate that the atmospheric pressure plasma treatment does not affect the strength of the paper very much. The results in this study show that atmospheric pressure plasma treatment with the use of HMDSO precursor is a good method to preserve paper-based relics.
Introduction
Paper has been the primary type of material for recording information worldwide since its invention. Paper-based relics are an important component of cultural heritage, including rare historical books, calligraphy and paintings, and other culturally-and historically-invaluable objects [1] [2] [3] [4] . However, a large number of paper-based relics are at risk of imminent damage from various environmental sources, with many becoming increasingly fragile and prone to damage with time [1] [2] [3] [4] [5] . Therefore, it is important to protect and preserve paper-based documents in libraries, archives, and museums. air from the gas bottle was used to produce the plasma with a flow rate of 1500 L/h The HMDSO precursor was passed through the vaporization component and mixed with 300 L/h of the metered carrier gas argon, and the gas flow was discharged through the plasma jet outlet. The paper-based relic samples were fixed onto the aluminum plate in the atmospheric-pressure plasma jet system (Figure 1b) , and the plasma jet was controlled using the X/Y/Z motion system. The speed of the jet, the distance between the substrate and the jet nozzle, and the transverse distance were set at 5 m/min, 4 cm, and 2 mm, respectively, for each experiment. Under these conditions, it may take 100 min to cover a 1 m 2 paper relic. Moreover, in this plasma treatment process, the temperature of the plasma jet was set at about 110 • C, which may have accelerated the ageing of the paper. However, with the above fast jet movement speed and the transverse distance for a regular paper relic (calculated in cm unit), the paper relic was only subjected to 110 • C for a short amount of time. Consequently, the ageing effect can be ignored. The other operational parameters (precursor value, voltage, and number of plasma treatments) for this study are shown in Table 1 . All of the experiments were carried out in ambient conditions.
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Characterization
Images of the paper-based relic samples were taken with a digital camera (Nikon D7000, Tokyo Metropolis, Japan). The surface morphology of the untreated and treated paper-based relic samples was examined using a scanning electron microscope (SEM) (Phenom Pro, Thermo Fisher Scientific, Phenom-World B.V. 81 Wyman Street, Waltham, MA, 02454, US) operated at an acceleration voltage of 10.0 kV, after being subjected to Au sputtering for 60 s and once the Au film thickness reached about 20 nm. The WCAs of the paper-based relic samples were examined using an optical tensiometer (Attension Theta, Biolin Scientific, Germany) with a water drop volume of 2 μL for three regions at room temperature. An analysis was carried out by drop fitting a Young-Laplace equation through Theta software. Each WCA value was the mean value of five random sites in each of the three regions. Fourier transform infrared spectroscopy (FTIR) spectrums were measured using a Nicolet iN10 spectrometer (Thermo Scientific). The mechanical properties of the untreated and treated paperbased relic samples were tested on a computer-controlled tensile testing system (INSTRON 3699, 
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Results and Discussion
After applying air plasma treatment (300 V) and polymerization of the HMDSO precursor at 30 g/h to the paper-based relic sample (Figure 1b) , we then compared the wettability of the untreated and treated paper-based relic samples. As shown in Figure 2a , the water droplet on the untreated region seeped through the paper quickly, and the WCA was zero (Figure 2b ). After the plasma treatment, the water droplet was not absorbed into the paper, and the WCA was substantially increased to 143.6 • , as shown in Figure 2c . More details can be found in Videos S1 and S2 in the Supplementary Materials. It can also be observed in Figure 2 that the plasma treatment on the paper-based relic sample did not obscure the handwriting. Moreover, the color changes of the treated samples are summarized in Table 2 , and one can find that the plasma treatment involved little color change. After applying air plasma treatment (300 V) and polymerization of the HMDSO precursor at 30 g/h to the paper-based relic sample (Figure 1b) , we then compared the wettability of the untreated and treated paper-based relic samples. As shown in Figure 2a , the water droplet on the untreated region seeped through the paper quickly, and the WCA was zero (Figure 2b ). After the plasma treatment, the water droplet was not absorbed into the paper, and the WCA was substantially increased to 143.6°, as shown in Figure 2c . More details can be found in Videos S1 and S2 in the Supplementary Materials. It can also be observed in Figure 2 that the plasma treatment on the paperbased relic sample did not obscure the handwriting. Moreover, the color changes of the treated samples are summarized in Table 2 , and one can find that the plasma treatment involved little color change. Figure 3 also suggests that the paper-based relic sample did not show macroscopic changes before and after the plasma treatment. Moreover, the micro SEM images of the paper-based relic sample before and after plasma treatment [ Figure 3 (a1,a3,b1,b3)] also suggest that there were no obvious changes in the structure of the fibers, regardless of whether there was ink. As for the single fibers [see Figure 3 (a2,a4,b2,b4)], the treated fibers showed an obviously-increased roughness with some nanoparticle deposition. These nanoparticles were produced from the polymerization of HMDSO during the plasma treatment [24, 27, 28] . Moreover, the deposited nanoparticles and increased roughness of the fibers probably resulted in the larger WCA and the increased waterproof Figure 3 also suggests that the paper-based relic sample did not show macroscopic changes before and after the plasma treatment. Moreover, the micro SEM images of the paper-based relic sample before and after plasma treatment [ Figure 3a1 ,a3,b1,b3] also suggest that there were no obvious Polymers 2019, 11, 786 5 of 10 changes in the structure of the fibers, regardless of whether there was ink. As for the single fibers [see Figure 3a2 ,a4,b2,b4], the treated fibers showed an obviously-increased roughness with some nanoparticle deposition. These nanoparticles were produced from the polymerization of HMDSO during the plasma treatment [24, 27, 28] . Moreover, the deposited nanoparticles and increased roughness of the fibers probably resulted in the larger WCA and the increased waterproof level [24] . The effects of the plasma treatment process parameters on the waterproof properties of the paper-based relic samples were also investigated. As shown in Figure 4a , a higher precursor flow increased the WCA of the sample. This indicates that the precursor flow value may affect the formation and deposition of particles [24, 29] . As the precursor flow value increased, more and more HMDSO nanoparticles agglomerated and then formed a larger and denser coating on the surface of the sample, which is shown in Figure S1 (a1-a3) in the Supplementary Materials. Consequently, a larger WCA was produced, as indicated in Figure 4a . The increased treatment quantity was also found to affect the WCA of the paper-based relic sample. As can be seen in Figure 4b , the second treatment on the paper-based relic sample might have increased the WCA due to the deposition of more HMDSO nanoparticles, while the third treatment reduced the WCA, which could be attributed to the reduction of the HMDSO nanoparticles, as shown in Figure S1 (b1-b3) in the Supplementary Materials. It can be theorized that after the first two treatments, the HMDSO nanoparticles may cover the surface fibers; and once the third treatment is applied, the high energy of the plasma jets may destroy the covered nanoparticles. Moreover, a higher plasma voltage also provided an obviouslylarger WCA on the paper-based relic samples (Figure 4c ), which might be the result of the higher energy of the ions, radicals, and electrons in the plasma which then affect the formation and deposition of HMDSO (see Figure S1 (c1-c3) in the Supplementary Materials). Generally, a larger WCA is closely associated with a higher quantity of HMDSO nanoparticle deposition. The effects of the plasma treatment process parameters on the waterproof properties of the paper-based relic samples were also investigated. As shown in Figure 4a , a higher precursor flow increased the WCA of the sample. This indicates that the precursor flow value may affect the formation and deposition of particles [24, 29] . As the precursor flow value increased, more and more HMDSO nanoparticles agglomerated and then formed a larger and denser coating on the surface of the sample, which is shown in Figure S1a1 -a3 in the Supplementary Materials. Consequently, a larger WCA was produced, as indicated in Figure 4a . The increased treatment quantity was also found to affect the WCA of the paper-based relic sample. As can be seen in Figure 4b , the second treatment on the paper-based relic sample might have increased the WCA due to the deposition of more HMDSO nanoparticles, while the third treatment reduced the WCA, which could be attributed to the reduction of the HMDSO nanoparticles, as shown in Figure S1b1 -b3 in the Supplementary Materials. It can be theorized that after the first two treatments, the HMDSO nanoparticles may cover the surface fibers; and once the third treatment is applied, the high energy of the plasma jets may destroy the covered nanoparticles. Moreover, a higher plasma voltage also provided an obviously-larger WCA on the paper-based relic samples (Figure 4c ), which might be the result of the higher energy of the ions, radicals, and electrons in the plasma which then affect the formation and deposition of HMDSO (see Figure S1c1 -c3 in the Supplementary Materials). Generally, a larger WCA is closely associated with a higher quantity of HMDSO nanoparticle deposition. Moreover, the movement of the water drop on the treated surface was investigated. As suggested in Figure 5 , the roll angle was decreased as the precursor value increased, which may be attributed to the higher WCA. More details could be found from Video S3 in the Supplementary Materials. The smaller roll angle may prevent water staying on the paper relic and thus prevent water invasion. Moreover, the movement of the water drop on the treated surface was investigated. As suggested in Figure 5 , the roll angle was decreased as the precursor value increased, which may be attributed to the higher WCA. More details could be found from Video S3 in the Supplementary Materials. The smaller roll angle may prevent water staying on the paper relic and thus prevent water invasion. Moreover, the movement of the water drop on the treated surface was investigated. As suggested in Figure 5 , the roll angle was decreased as the precursor value increased, which may be attributed to the higher WCA. More details could be found from Video S3 in the Supplementary Materials. The smaller roll angle may prevent water staying on the paper relic and thus prevent water invasion. Furthermore, the waterproof fastness of the plasma-treated paper-based relics was examined. As can be seen in Figure 6 , the WCA of the treated samples was 145.3 • soon after the plasma treatment, Polymers 2019, 11, 786 7 of 10 and the angle decreased to 143.7 • after six months. The little change of the WCA on the plasma-treated paper-based relic suggests that plasma polymerization of the HMDSO has waterproof fastness, which may result from the deposition of the HMDSO onto the fibers.
Furthermore, the waterproof fastness of the plasma-treated paper-based relics was examined. As can be seen in Figure 6 , the WCA of the treated samples was 145.3° soon after the plasma treatment, and the angle decreased to 143.7° after six months. The little change of the WCA on the plasmatreated paper-based relic suggests that plasma polymerization of the HMDSO has waterproof fastness, which may result from the deposition of the HMDSO onto the fibers. It has been pointed out that plasma treatment of the surface of a material (including polymerization) would not damage the mechanical properties of the target because there is little or no penetration [24, 30] . The mechanical properties of the untreated and plasma-treated paper-based relic samples with different amounts of precursor were also investigated and are shown in Figure 7 . The results show that the stress does not seem to have decreased after the plasma treatment, while the strain might be slightly higher as a result of the treatment. Since paper-based relics, especially Chinese calligraphy and paintings, are often framed [4] , the mechanical properties are not a key concern in their preservation. Thus, the slight changes in the mechanical properties after plasma treatment are not consequential. The FTIR spectra of the untreated and plasma-treated paper-based relic samples (300 V, 30 g/h, two times) were also examined, and are shown in Figure 8 . Generally, it could be observed that the plasma treatment did not change the major chemical structure of the paper-based relics, which could be attributed to the small amount of HMDSO deposition and the rapidness of the deposition. However, there were still some local changes due to the deposition of the HMDSO, as shown in Figures 3b and 7 , which were a result of the polymerization of the HMDSO during the plasma treatment, and the result was the formation of a new chemical group Si-O-C [24, 27, 28] . Furthermore, It has been pointed out that plasma treatment of the surface of a material (including polymerization) would not damage the mechanical properties of the target because there is little or no penetration [24, 30] . The mechanical properties of the untreated and plasma-treated paper-based relic samples with different amounts of precursor were also investigated and are shown in Figure 7 . The results show that the stress does not seem to have decreased after the plasma treatment, while the strain might be slightly higher as a result of the treatment. Since paper-based relics, especially Chinese calligraphy and paintings, are often framed [4] , the mechanical properties are not a key concern in their preservation. Thus, the slight changes in the mechanical properties after plasma treatment are not consequential. Furthermore, the waterproof fastness of the plasma-treated paper-based relics was examined. As can be seen in Figure 6 , the WCA of the treated samples was 145.3° soon after the plasma treatment, and the angle decreased to 143.7° after six months. The little change of the WCA on the plasmatreated paper-based relic suggests that plasma polymerization of the HMDSO has waterproof fastness, which may result from the deposition of the HMDSO onto the fibers. It has been pointed out that plasma treatment of the surface of a material (including polymerization) would not damage the mechanical properties of the target because there is little or no penetration [24, 30] . The mechanical properties of the untreated and plasma-treated paper-based relic samples with different amounts of precursor were also investigated and are shown in Figure 7 . The results show that the stress does not seem to have decreased after the plasma treatment, while the strain might be slightly higher as a result of the treatment. Since paper-based relics, especially Chinese calligraphy and paintings, are often framed [4] , the mechanical properties are not a key concern in their preservation. Thus, the slight changes in the mechanical properties after plasma treatment are not consequential. The FTIR spectra of the untreated and plasma-treated paper-based relic samples (300 V, 30 g/h, two times) were also examined, and are shown in Figure 8 . Generally, it could be observed that the plasma treatment did not change the major chemical structure of the paper-based relics, which could be attributed to the small amount of HMDSO deposition and the rapidness of the deposition. However, there were still some local changes due to the deposition of the HMDSO, as shown in Figures 3b and 7 , which were a result of the polymerization of the HMDSO during the plasma treatment, and the result was the formation of a new chemical group Si-O-C [24, 27, 28] . Furthermore, The FTIR spectra of the untreated and plasma-treated paper-based relic samples (300 V, 30 g/h, two times) were also examined, and are shown in Figure 8 . Generally, it could be observed that the plasma treatment did not change the major chemical structure of the paper-based relics, which could be attributed to the small amount of HMDSO deposition and the rapidness of the deposition. However, there were still some local changes due to the deposition of the HMDSO, as shown in Figures 3b and 7 , which were a result of the polymerization of the HMDSO during the plasma treatment, and the result was the formation of a new chemical group Si-O-C [24, 27, 28] . Furthermore, it has also been suggested that the polymerization of HMDSO could form a thin silicon dioxide (SiO 2 film), which could enhance the anti-UV properties of paper-based relics [27, 28] .
it has also been suggested that the polymerization of HMDSO could form a thin silicon dioxide (SiO2 film), which could enhance the anti-UV properties of paper-based relics [27, 28] . 
Conclusions
In summary, we addressed the treatment of paper-based relics by using atmospheric pressure plasma with an HMDSO precursor. The macro morphology of the plasma-treated paper-based relic samples remained unchanged, as only the surfaces of the samples were modified. On the other hand, polymerized HMDSO nanoparticles were deposited onto the fibers during the treatment process. Consequently, the deposited polymerized HMDSO nanoparticles provided a larger WCA for a longer period of time on the paper-based relic samples, and thus prevented them from water penetration. Moreover, the plasma treatment did not change the mechanical properties and the chemical structure of the paper-based relic samples. These results indicate that atmospheric pressure plasma treatment might be a good method of paper preservation.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Video S1: Water drop onto the untreated and treated Chinese calligraphy. Video S2: Water drop onto the untreated and treated Chinese ink-wash painting relic. Video S3: Rolling water drop onto the plasma-treated paper relics. 
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